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A New Breed 
of Diode Lasers: 
Surface Emitting Lasers 
by Mohamed Henini 
The development of semiconductor lasers has been extremely rapid and although applications 
for lasers had a very slow start during their first decade, new applications for lasers radiation 
are being found now almost every day. Semiconductor lasers have opened up potentially huge 
markets in optical communication, compact disks and related optical data storage applications, 
displays and lighting. Until now, however, most of these lasers are edge emitters where the 
lasing cavity lies horizontally in the wafer plane. For many applications requiring for example 
a 2D laser array, it is desirable to have the laser output normal to the surface of the wafer. 
Such new breeds of lasers are known as surface-emitting lasers. 
In t roduct ion  
We may forget that the word "laser" 
is in fact an acronym for "light 
amplification by stimulated emission 
of radiation". The basic theory of 
lasers can be traced as far back as 
1917 to atomic theories of Einstein. 
The feasibility of stimulated emission 
in semiconductor lasers was consid- 
ered in the early 1960s, and in 1962 
several groups reported the lasing 
action in semiconductors. The semi- 
conductor laser has evolved consid- 
erably since its first successfu l  
operation in 1962, and it now bears 
no resemblance to the original simple 
heterojunction device. 
Conventional semiconductor lasers 
are edge emitters. The light propaga- 
tion takes place parallel to the plane 
of the wafer. The light emerges 
perpendicularly from the cleaving 
planes of the chip. Surface emitting 
lasers (SELs) on the other hand, 
radiate perpendicularly from the wa- 
fer surface. The resonator axis is now 
perpendicular to the plane of the 
wafer. There is a class of SELs that 
have their optical cavity normal to 
the surface of the wafer. These 
devices are known as vertical cavity 
SELs (VCSELs) in order to distinguish 
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Figure 1: (a) Conventional semiconductor laser with edge emission 
them from other surface emitters 
such as the grating-coupled SELs 
and integrated deflector SELs (see 
Figure 1). Of the various surface 
cmitting designs considered, VCSELs 
have the lowest threshold current 
and the highest packing density, 
which makes them ideal for many 
optoelectronic integrated circuit ap- 
plications. In this article I will there- 
fo re  overv iew some recent  
developments made in the fruitful 
and rapidly growing field of VCSELs. 
Due to its unique topology, the 
VCSEL has some distinct advantages 
over the conventional edge emitting 
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laser. The optical beam is circular 
such that high coupling efficiency to 
optical fibres is available. The active 
volume of VCSELs can be made so 
small that high packing density, low 
threshold lasers are obtained. The 
design of the laser allows simple 
monolithic integration of 2D arrays 
of laser diodes, realizing interesting 
light sources for 2D optical data 
processing. Moreover laser testing is 
immediately possible on the wafer. 
Although lasers are mass produced 
in very large quantities, especially 
since the advent of the CD player, 
the current fabrication technology is 
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still a discrete device technique 
similar to that of the early days of 
transistor fabrication. The fabrication 
techniques for semiconductor lasers 
are mainly based on scribing followed 
by cleaving of the substrate along the 
crystallographic planes of the wafer 
to form the laser mirrors. 
These determine the laser cavity 
and light is emitted from the edge of 
the chip. The mirror reflectivity is 
determined for each individual de- 
vice by the quality of its cleaves. It is 
obvious that this type of structure 
limits integration of lasers onto chips 
because they must be placed at the 
edges, and therefore arrays are lim- 
ited to one dimension. In addition, 
mirror coating and testing to be 
per formed at the chip level are 
required. All these factors reduce 
the yield and throughput, and hence 
are a key cost factor. 
Laser  Operat ion  
All lasers include three fundamental 
elements: a lasing medium - one 
which provides atoms, ions, or mole- 
cules that support light amplification; 
an energy source to excite the 
medium; and an optical resonator to 
provide feedback of the amplified 
light. In the laser, positive feedback 
may be obtained by placing the gain 
medium between a pair of mirrors 
which, in fact, form an optical cavity. 
The positive optical feedback is 
needed for the build-up of the light 
intensity and to further enhance the 
amplification process to reach reso- 
nance. In order to have an output 
from the laser cavity, at least one 
of the two mi r rors  should be 
partially emitting. 
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Figure 1: (c) Grating coupled surface emitting laser 
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Figure 1 (b): Vertical cavity surface emitting laser 
Mirrors 
The semiconductor laser diode is 
similar to the LED (the p-n junction 
provides the active medium) but 
incorporates a resonator (i.e. optical 
feedback, which is required for laser 
action). The optical feedback is pro- 
vided by cleaving the diode at right 
angles to the direct ion of light 
propagation. Any light that is emitted 
perpendicular to the cleaved facets is 
reflected back and forth through to 
the active region and stimulates 
further electron-hole recombinations 
to generate more photons by stimu- 
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lated emission. The lasers in which 
the optical cavity is formed between 
cleaved facets are called Fabry-Perot 
devices. VCSELs have optical cavities 
orthogonal to those of conventional 
edge-emitting lasers. The laser emis- 
sion is normal to the wafer plane. 
Figure 2 shows a layer structure of 
VCSEL diode. The structure consists 
of an InGaAs quantum well active 
region sandwiched on both sides by 
undoped GaAs barriers and separated 
by Alo.sGao.sAs spacer layers which 
are themselves sandwiched between 
two n- and p-type Bragg mirrors. The 
Bragg mirrors consist of alternating 
layers of low index (AlAs) and high 
index (GaAs) materials. The thick- 
ness of each layer in the Bragg 
reflectors is equal to one quarter of 
the operating wavelength of light. 
This configuration is typical of a 
number of VCSELs having pseudo- 
morphically strained quantum well 
embedded in the GaAs cavity, and 
forming the gain medium. These 
devices have short active cavities in 
a direction orthogonal to that of the 
conventional semiconductor  laser. 
Because of their short gain regions, 
for the VCSEL device to lase with a 
threshold current density compar- 
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able to that of an edge emitter, the 
mirror reflectivities must be in ex- 
cess of 99%. The number of pairs 
needed to fabricated a high reflectiv- 
ity mirror depends on the refractive 
index of layers of a pair. 
Matsuo eta l  [1] from NTT Optoe- 
lectronics Laboratories have fabri- 
cated the first photonic switching 
device that monolithically integrates 
a MSM photodetector, MESFET, and 
VCSEL. The circuit includes three 
MESFET's which perform the func- 
tions of thresholding and amplifier. 
The input light incident on the MSM 
photodetector changes the gate vol- 
tage of one of the MOSFET in 
proportion to the intensity of the 
input light. Another MESFET acts as a 
load-FET, and the gate voltage of the 
third MESFET, which provides cur- 
rent to the VCSEL, is abruptly chan- 
ged according to the input light 
intensity. This results in the output 
light from the VCSEL to be also 
abruptly changed. The device can 
perform both NOR- and OR-types of 
operation with a high bit rate and 
optical gain. It has a 3-dB bandwidth 
of 220 MHz and switching energy of 
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Figure 1: (d) Integrated deflector surface emitting laser 
700 fJ at a 100 MHz frequency. A 
schematic ross-section of the device 
is shown in Figure 3. The MESFET 
and MSM photodetector layers were 
deposited by MBE. The InGaP etch- 
stop layer, the GaAs buffer layer, and 
the VCSEL layers were grown by 
MOCVD. 
In the dynamic response,  the 
switching-on time was 1.5 ns and 
switching-off time was 2.4 ns for an 
input light power of 350 ~tW at a 
100 MHz frequency. This device has 
great potential for use in optical 
Figure 2: Schematic 
representation of 
a vertical cavity 
surface emitting 
laser 
Top 
Bottom 
Acti 
To p 
Emission 
Bottom 
Emiss ion 
te 
i n te rconnect ions  and photon ic  
switching networks. These devices 
make optical circuits easy to con- 
struct because they do not need bias 
light as their counterpart FET-SEED's 
devices. Moreover, a VCSEL is a good 
match for electrical circuits since it 
operates at a low voltage. 
Data transmission with both, single- 
mode and multimode VCSELs using 
either 500 metres of multimode fibre 
or 4.3 km of standard fibre was 
demonstrated by Fiedler et  al. [2]. 
They achieved data transmission of 
3 Gb/s with a bit error rate (BER) of 
less than 10 ~ it was found that 
10 lain active diameter single mode 
VCSELs have lower mode competi- 
tion noise requiring 3 dB and 6 dB 
less power at the front end receiver 
at a BER of 10 -~ compared to 19 ~tm 
and 50 lam active diameter devices, 
respectively. It is clear that VCSELs 
are very attractive transmitters for 
parallel high-speed optical intercon- 
nects, short distance communication, 
and board-to-board links. 
Goobar eta / .  [3] specially designed 
VCSELs to operate at low tempera- 
tures  between 77K and 20OK. 
VCSELs are a strong candidate for 
information transfer in cryogenic 
environments such as modern super- 
computers and infrared detector ar- 
rays due to their small sizes, low- 
power consumption, and the large 
integration into single chips. High 
overall output powers and relatively 
low voltages were observed. At 77K 
the threshold voltage was around 
2.6 V, and the operating voltage was 
below 6 and 5 V for the 20 lam and 
the 80 lam device, respectively. The 
peak power for the 20 lam devices 
was 50 ~tW and for the 80 ~tm device 
was 114 laW. This is the highest 
output power reported for an un- 
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mounted device. External efficien- 
cies and the potential high modula- 
tion bandwidths were also observed. 
Potential applications of multi-wa- 
velength laser arrays include light 
sources for wavelength division mul- 
tiplexing systems, reconfigurable in- 
terconnects in free space geometry, 
wavelength routing, and optical dis- 
tribution in phased array antennas. 
A novel technique of on-wafer 
wavelength control of VCSELs using 
nonplanar has been proposed by 
Koyama et aZ [4]. The fabrication 
process  is the same as that of 
standard VCSELs except  that the 
substrates are patterned prior to 
growth. Multi-wavelength VCSEL ar- 
rays can be fabricated by changing 
the size of the circular pattern. 
Figure 4 shows a schematic structure 
of multi-wavelength VCSEL arrays. A 
patterned substrate having circular 
mesas with different diameters are 
prepared by standard photolithogra- 
phy followed by wet chemical etch- 
ing. With  this techn ique ,  the  
resonant wavelength can be adjusted 
to the centre wavelength of the 
multilayer reflector in each array 
element, because the thickness of 
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Figure 3: Schematic cross-section of a monolithically integrated photonic switch device using an 
MSM photodetector, MESFET's, and VCSEL 
each array in the cavity can be 
increased by the same amount.  
Therefore, the wavelength span of 
the VCSEL array can be extremely 
increased. The resonant wavelength 
of 980 nm was controlled in the 
wavelength range over 45 nm on the 
same wafer by using this technique. 
Wipiejewski et M. [5] use a novel 
VCSEL design which enables the post 
growth determination of the emis- 
sion wavelength. The structure has a 
hybrid metal semiconductor top re- 
flector. The active layer is sand- 
wiched between a standard bottom 
AIAs-GaAs Bragg reflector, and a short 
AIAs-GaAs top Bragg reflector termi- 
nated by a gold metal layer. The 
cavity length, and therefore the 
arbitrary positioning of the lasing 
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Figure 4: Schematic structure of multi-wavelength VCSEL array fabricated by MOVPE with nonplanar substrates.The lasing wavelength, ~, can be 
controlled by changing the size of the mesa D. ~ increases as D decreases 
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Figure 5: Schematic of VCSEL diodes with wavelength ~,1 and ~,2.The wavelengths depend on the 
thickness of the GaAs tuning layer which can be adjusted by anodic oxidation 
mode for each element in the 2D 
laser array, is set by etching of the 
semiconductor surface after epitaxial 
growth and before metal deposition 
(see Figure 5). The emission wave- 
length range spanned about 25 nm in 
an array of lasers for tuning layer 
thicknesses between 30 nm and 
110 nm. Threshold currents of about 
6 mA and output powers up to 
0.5 ~tW were achieved. 
VCSELs emitting at longer wave- 
lengths (1.3 - 1.55 I~m) could be 
part icu lar ly  useful  as low cost 
sources for optical fibre telecommu- 
nication applications. This is due to 
the fact that mode-matched devices 
can be coupled to single-mode fibres 
with high efficiency and good align- 
ment  tolerance. At these longer 
wavelengths progress in VCSELs had 
been slower compared to that in the 
0.8-1.0 t~m range because of techno- 
logical problems in producing high 
reflectivity mirrors and intrinsically 
higher nonradiative losses in the 
active medium. Room temperature 
CW operation of 1.3 ~m GaInAsP/InP 
VCSEL was first reported in 1993 by 
Baba et M. [6]. Since then a dramatic 
reduction of threshold current at 
room temperature and circular out- 
put beam have been demonstrated. 
The first demonstrat ion of room 
temperature  pulsed operat ion of 
1.5 ~m VCSELs with optimised In- 
GaAs/InGaAsP multi-quantum wells 
active layer was reported by K. Uomi 
e/  a/. [7]. Lasing actions were ob- 
served in 5 x 7 [am 2 devices with 
threshold current of 17 IliA. The 
significant success for this achieve- 
ment was attributed to the optimisa- 
tion of the mult i -quantum wells 
active layer, especially the number 
of quantum wells and the barrier 
thickness. 
At the Fall MRS meeting held in 
Boston in 1995, M. Takahashi et 
(8) from ATR Optical and Radio 
Communications Research Labora- 
tories, Kyoto, Japan, reported CW 
operation at room temperature of 
(311)A-or iented  InGaAs /GaAs  
strained-QW VCSELs for the first 
time. The threshold current and 
thresho ld  cur rent  densi ty were  
5.5 mA and 270 A/cm 2 respectively. 
They also demonstrated stable polar- 
ization characteristics at high cur- 
rents. These successful results are 
attributed to both the predicted high 
gain and anisotropic gain distribution 
on the (311)A surface. It is worth 
noting that stable polarization con- 
trol has been a problem in VCSELs 
grown on (100) substrates. This 
polarization control is very important 
in polarization-sensitive applications 
such as magneto-opt ic disks and 
coherent detection systems. 
Conclusion 
Although the basic idea of VCSELs, 
pioneered by Iga et M. at the Tokyo 
Institute of Technology in the late 
1970s [9] , has been around for some 
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time. VCSELs have not received wide- 
spread interest until recently. Since 
then, rapid progress has been made 
resulting in excellent room tempera- 
ture characteristics, including very 
low thresho ld  cur rent  dens i ty  
(270 A/cm2,) [8], low threshold vol- 
tage (1.6 V) [10], and a high power 
conversion efficiency (21%) [11]. 
The recent progress in VCSELs has 
generated intense research activity 
due to their wide range of potential 
applications such as in frec space 
global holographic interconnects for 
optical computers, image processing, 
signal processing, pattern recogni- 
tion, interconnections and photonic 
switching. Visible VCSELs maybe also 
an enabling technology for many 
advanced applications uch as LAN, 
2D visible arrays for displays, printing 
applications and optical memory. 
However,  to obtain high perfor- 
mance devices with high yield, the 
epilayer thickness and growth rate 
must be controlled to within + 1.5% 
for long periods of 8 - 12 hours 
required to grow these structures. A
+ 1.5 miscalibration in a VCSEL 
growth can result in + 15 nm mis- 
match of the cavity resonance wave- 
length with the peak of the gain 
spectrum. This high degree of preci- 
sion can be obtained by MBE and 
MOVPE which has contributed to the 
successful fabrication of many so- 
phisticated structures. 
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